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Replication of the genomic RNA of severe acute respiratory syndrome coronavirus (SARS-CoV) is mediated 
by replicase polyproteins that are processed by two viral proteases, papain-like protease (PLpro) and 3C-like 
protease (3CLpro). Previously, we showed that SARS-CoV PLpro processes the replicase polyprotein at three 
conserved cleavage sites. Here, we report the identification and characterization of a 316-amino-acid catalytic 
core domain of PLpro that can efficiently cleave replicase substrates in /rans-cleavage assays and peptide 
substrates in fluorescent resonance energy transfer-based protease assays. We performed bloinformatlcs 
analysis on 16 papain-like protease domains from nine different coronaviruses and identified a putative 
catalytic triad (Cysl651-Hisl812-Aspl826) and zinc-binding site. Mutagenesis studies revealed that Aspl826 
and the four cysteine residues involved in zinc binding are essential for SARS-CoV PLpro activity. Molecular 
modeling of SARS-CoV PLpro suggested that this catalytic core may also have deubiquitinating activity. We 
tested this hypothesis by measuring the deubiquitinating activity of PLpro by two Independent assays. SARS 
CoV-PLpro hydrolyzed both diubiquitin and ubiquitin-7-amino-4-methylcoumarln (AMC) substrates, and 
hydrolysis of ublquitin-AMC is approximately 180-fold more efficient than hydrolysis of a peptide substrate 
that mimics the PLpro replicase recognition sequence. To investigate the critical determinants recognized by 
PLpro, we performed site-directed mutagenesis on the P6 to P2' residues at each of the three PLpro cleavage 
sites. We found that PLpro recognizes the consensus cleavage sequence LXGG, which is also the consensus 
sequence recognized by cellular deubiquitinating enzymes. This similarity in the substrate recognition sites 
should be considered during the development of SARS-CoV PLpro inhibitors. 


The SARS coronavirus (SARS-CoV) was discovered to be 
the etiologic agent of an outbreak of atypical pneumonia that 
emerged out of southern China in the fall of 2002 (reviewed in 
references 41, 42, and 50). During the outbreak, the mortality 
from SARS-CoV infection was approximately 10%, with mor¬ 
tality associated with the increased age of the patient and risk 
factors such as diabetes and heart disease (11). Epidemiologic 
studies indicated that SARS-CoV emerged from an animal 
reservoir, such as masked palm civets (15), and was subse¬ 
quently passed person to person via respiratory droplets or 
contact with aerosolized virus or fomites (47, 57, 61). Rigorous 
public health measures were ultimately successful in control¬ 
ling SARS outbreaks. However, reemergence of SARS-CoV 
from an animal reservoir is a potential risk for future epidem¬ 
ics. Therefore, current research efforts are focused on the 
rapid development of vaccines and therapeutics to prevent and 
treat SARS-CoV infection. 

The coronaviruses are enveloped positive-strand RNA vi¬ 
ruses that replicate in the cytoplasm of infected cells. Human 
coronaviruses such as 229E (HCoV-229E) and HCoV-OC43 
(20) and the recently identified HCoV-NL63 (12, 55) and 


* Corresponding author. Mailing address: Department of Microbi¬ 
ology and Immunology, Loyola University Chicago, Stritch School of 
Medicine, 2160 South First Avenue, Bldg. 105, Maywood, IL 60153. 
Phone: (708) 216-6910. Fax: (708) 216-9574. E-mail: sbakerl@lumc 
.edu. 


HCoV-HKUl viruses (58) are responsible for respiratory in¬ 
fections that range from common colds to pneumonia. Other 
animal coronaviruses such as avian infectious bronchitis virus 
(alBV), porcine transmissible gastroenteritis virus (TGEV), 
and mouse hepatitis virus (MHV) cause respiratory, gastroin¬ 
testinal, or neurologic disease (29). Coronaviruses have large 
RNA genomes (27 to 32 kb), and viral replication is mediated 
by the viral RNA-dependent, RNA polymerase, termed the 
replicase (reviewed in reference 63). The coronavirus replicase 
is initially translated from the 5'-most 21 kb of the 29.7-kb 
SARS-CoV genomic RNA to produce two replicase polypro¬ 
teins, termed ppla and pplab. These polyproteins are pro¬ 
cessed by replicase-encoded proteases, PLpro and 3CLpro, to 
generate 16 replicase products, termed nonstructural proteins 
(nsp) 1 to 16. The coronavirus replicase intermediates and 
processing products assemble on intracellular membranes to 
generate double-membrane vesicles (DMVs), which are the 
site of viral RNA synthesis (13, 14, 43). 

Proteolytic processing of the coronavirus replicase polypro¬ 
tein is essential for generating a functional replication complex 
(27). Therefore, the coronavirus replicase-encoded proteases, 
3CLpro and PLpro, are potential targets for antiviral drug 
development. The chymotrypsin-like 3CLpro processes the 
replicase polyprotein at 11 sites, including cleaving itself from 
the polyprotein to generate a ~25-kDa protease product. 
Structural information and high-throughput screens using pu¬ 
rified 3CLpro have led to the identification of candidate anti- 
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viral agents that inhibit SARS-CoV replication (2, 7, 59, 60). In 
contrast, no structural information is currently available for 
any coronavirus PLpro. Molecular modeling of a HCoV-229E 
papain-like protease suggested that a zinc-binding domain, 
which connects the left- and right-hand domains of a papain¬ 
like fold, might be important for protease activity and that 
protease activity is mediated by a cysteine-histidine catalytic 
dyad (19). Interestingly, many coronaviruses encode two func¬ 
tional papain-like proteases, termed PLPl and PLP2 (or 
PLlpro and PL2pro). At least two coronaviruses, SARS-CoV 
and alBV, encode only one functional papain-like protease, 
which we term PLpro. The coronavirus papain-like proteases 
have been shown to process the amino-terminal end of the 
replicase polyprotein to generate two or three replicase prod¬ 
ucts (3, 4, 8, 17, 18, 25, 35), but the exact role of proteolytic 
processing in the viral replication cycle has not yet been elu¬ 
cidated. 

For SARS-CoV, the PLpro domain is contained within nsp3, 
a 213-kDa membrane-associated replicase product. Previously, 
we cloned and expressed a 73-kDa SARS-CoV PLpro domain 
and developed a frans-cleavage assay to assess protease activ¬ 
ity. We found that SARS-CoV PLpro can function in tram and 
that it is responsible for processing nspl, nsp2, and nsp3 from 
the amino-terminal end of the replicase polyprotein (17). In 
addition, a recent report by Sulea and colleagues predicted 
that SARS-CoV PLpro may have deubiquitinating activity on 
the basis of shared structural features with a cellular deubiq¬ 
uitinating enzyme, herpesvirus-associated ubiquitin-specific 
protease (HAUSP) (21, 53). Furthermore, SARS-CoV PLpro 
was predicted to cleave the consensus sequence LXGG (54), 
which is also recognized by deubiquitinating enzymes. Sulea 
predicted that a “structural signature” in the substrate-binding 
pocket, which may be important for cleavage after the digly¬ 
cine residues, is present in some, but not all, coronavirus pa¬ 
pain-like proteases. Testing these intriguing predictions is crit¬ 
ical for increasing our understanding of the role of proteases in 
coronavirus replication and for developing antiviral agents di¬ 
rected against this important target. 

Here, we report the identification, purification, and charac¬ 
terization of a 316-amino-acid catalytic core domain of SARS- 
CoV PLpro that is soluble and highly active. Our studies pro¬ 
vide experimental evidence supporting the hypothesis that 
PLpro requires a zinc-binding domain and a catalytic triad 
(Cysl651-Hisl812-Aspl826) instead of a catalytic dyad for 
protease activity. To measure the kinetics of protease and 
putative deubiquitinating activity, we purified a catalytic core 
of SARS-CoV PLpro and developed in vitro peptide hydrolysis 
and deubiquitinating assays. We found that purified PLpro 
hydrolyzed both diubiquitin and synthetic peptide substrates 
and that the ubiquitin substrate was hydrolyzed approximately 
180-fold more efficiently than the peptide substrate. Finally, we 
show that SARS-CoV PLpro cleaves at the consensus cleavage 
site LXGG, which is also the target sequence recognized by 
many deubiquitinating enzymes. 

MATERIALS AND METHODS 

Cells. HeLa-MHV receptor cells were used for all transfection-based assays as 
previously described (25). The cells were maintained in Dulbecco’s modified 
Eagle’s medium (Invitrogen) with 10% fetal bovine serum, 2% penicillin-strep¬ 
tomycin, and 5 mM HEPES, pH 7.4. 


Construction of SARS-CoV PLpro expression plasmids and site-directed mu¬ 
tagenesis. Regions of SARS-CoV PLpro were PCR amplified from parental 
plasmid pPLprol541-2204 (17). The primer sequences are available on request. 
The PCR products were digested with the restriction enzymes EcoRI and 
BamHI, and the fragments were ligated into the corresponding sites of plasmid 
vector pcDNAS.l V5His (Stratagene, La Jolla, Calif.). After transformation into 
Escherichia coli XL-1 Blue cells (Stratagene), bacteria were grown at 25°C. 

Site-directed mutagenesis was performed to change specific residues in 
pPLProl541-1855 or the substrate pNSPl-3* using synthetic oligonucleotides 
(sequences are available on request). QuikChange Mutagenesis (Stratagene) was 
performed according to the manufacturer’s instructions, and sequence changes 
were confirmed by DNA sequencing. 

For purposes of overexpressing and purifying protein, DNA regions encoding 
core domains of wild-type and mutant PLpro enzymes were PCR amplified and 
cloned into pETlla (Invitrogen) between the Nhel and Bpull02I sites. The final 
clones were verified by DNA sequencing and designated pET-SARS-CoV- 
PLprol541-1855 wild type, C1651A, and D1826A. 

Sequence comparison of coronavirus papain-like protease domains. The 
amino acid sequence of the single papain-like protease found in alBV and 
paralogous papain-like protease domains 1 and 2 found in seven other corona¬ 
viruses were aligned using the program ALIGN (SciED) with the SARS-CoV 
PLpro catalytic core domain (amino acid sequences 1541 to 1855) as the refer¬ 
ence sequence. The scoring matrix BLOSUM 62 was used to set the alignment 
parameters, and the similarity significance value cutoff was set at greater than or 
equal to 60%. 

Purification of SARS-CoV PLpro. Three liters of E. coli BL21(DE3) cells, 
containing pETlla-SARS-CoV-PLprol541-1855, were grown for 24 h at 25°C. 
Cells were pelleted by centrifugation and resuspended in 80 ml of buffer A (20 
mM Tris, pH 7.5, 10 mM (3-mercaptoethanol [BME]) containing 500 (ig of 
lysozyme. The cells were incubated for 10 min and then lysed via sonication using 
a 600-watt model VCX ultrasonicator. After the cell debris was pelleted by 
centrifugation (40,900 X g for 30 min), the clarified cell lysate was subjected to 
a 40% ammonium sulfate fractionation. The suspension was centrifuged (40,900 
X g for 30 min), and the resulting pellet was resuspended in 1 M ammonium 
sulfate, 20 mM Tris, pH 7.5, 10 mM BME. The dissolved pellet was loaded onto 
a 50-ml phenyl-Sepharose 6 Fast-Flow HS column (Amersham BioSciences, 
Piscataway, NJ) equilibrated with buffer C (1.5 M ammonium sulfate, 20 mM 
Tris, pH 7.5, and 10 mM BME). Protein was eluted with a 10-column-volume 
gradient to 100% buffer A. Fractions containing SARS-CoV PLpro were pooled 
and diluted fivefold with buffer A and loaded onto a 50-ml Q-Sepharose Fast- 
Flow column (Amersham BioSciences, Piscataway, NJ) equilibrated with the 
same buffer. A 10-column-volume gradient to 100% buffer B (0.5 M NaCl, 20 
mM Tris, pH 7.5,10 mM BME) was used to elute the protein. SARS-CoV PLpro 
fractions were pooled, diluted fivefold with buffer A, and loaded onto a Mono Q 
10/10 column (Amersham BioSciences, Piscataway, NJ). PLpro eluted under the 
same conditions as the Q-Sepharose column. Pure SARS-CoV PLpro fractions 
were exchanged into buffer A containing 20% glycerol, concentrated to approx¬ 
imately 20 mg/ml, flash-frozen in dry ice-ethanol, and stored at —80°C. Site- 
directed mutants of SARS-CoV PLpro enzymes were expressed, purified, and 
stored in the same manner. 

Transfection and immunoprecipitation of SARS-CoV PLpro constructs. Ex¬ 
pression of SARS-CoV PLpro constructs was performed as previously described 
(17). Briefly, HeLa-MHVR cells were infected with recombinant vaccinia vTF73 
expressing T7 polymerase and transfected with plasmid DNAs pSARS-CoV 
PLpro and/or pNSPl-3* substrate using Lipofectamine (Invitrogen). Proteins 
were metabolically labeled using 100 [jiCi/ml Trans-^^S label for 4 h at 37°C. Cells 
were harvested by scraping into 0.3 ml of lysis buffer A (4% sodium dodecyl 
sulfate [SDS], 3% dithiothreitol, 40% glycerol, 0.065 M Tris, pH 6.8). Cell lysates 
were diluted in 1 ml of radioimmunoprecipitation assay buffer and immunopre- 
cipitated with specific antibodies and protein A-Sepharose beads (Amersham 
Bioscience, Piscataway, N.J.). The following antibodies were used: rabbit poly¬ 
clonal antibody anti-Rl to detect SARS-CoV nspl and anti-R3 to detect SARS- 
CoV nsp3, including SARS-CoV PLpro (17). Mouse monoclonal anti-V5 (In¬ 
vitrogen) was used to detect epitope-tagged constructs as indicated. 
Immunoprecipitates were resolved by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE). 

Fluorescence and FRET assays for enzyme kinetics. All assays were performed 
in 50 mM HEPES, pH 7.5, in a 500-|jl1 cuvette maintained at 25°C via a Peltier 
sample holder. The rates of the reaction were monitored using a Cary Eclipse 
Fluorescence Spectrophotometer (Varian, Palo Alto, CA). The fluorescence 
extinction coefficients of both fluorescent substrates were determined using the 
endpoint method as follows: an excess of SARS-CoV PLpro enzyme was added 
to various concentrations of substrate, and reactions were allowed to go to 
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completion. The final fluorescence values after blank subtraction were plotted 
against substrate concentration. The slope of the resulting line yielded a fluo¬ 
rescence extinction coefficient of each substrate under the conditions of the 
assay. Assays to determine peptide cleavage velocities were fixed-time-point 
assays, using various concentrations of the fluorescent resonance energy transfer 
(FRET) peptide substrate (E-EDANS)RELNGGAPI(K-DABCYL)S [EDANS, 
5-((2-aminoethyl) amino) naphthalene-l-sulfonic acid; DABCYL, 4-((4-dimeth- 
ylamino) phenyl) azo benzoic acid] (Sigma-Genosys, The Woodlands, TX) and 1 
|xM purified SARS-CoV PLpro. The reactions were diluted to a 2 |i,M final 
peptide concentration after initiation but immediately prior to acquiring fluo¬ 
rescence measurements (excitation k, 340 nm; emission X, 510 iim) to avoid 
inner-filter effect contributions. Several time points were taken for each peptide 
concentration to ensure that data points were representative of initial velocity 
measurements. Readings were corrected for dilution and plotted against peptide 
concentrations. Since all peptide concentrations tested were well below the 
value, as demonstrated by the linearity of the velocity versus peptide concentra¬ 
tion relationship, data points were fit to the following equation: v/[£']xotai “ 
^app[5] to determine the pseudo first-order rate constant k^pp assuming that [S] 
[E] and [S] are the concentrations of enzyme and peptide substrate, and 
V is the initial rate of the reaction. The same measurements were repeated for 
purified PLpro mutants. Kinetic assays to determine deubiquitination rates con¬ 
tained varying or fixed concentrations of the fluorogenic substrate ubiquitin-7- 
amino-4-methylcoumarin (AMC; BostonBiochem, Cambridge, MA) and 60 nM 
wild-type or mutant PLpro. Fluorescence was monitored continuously (excitation 
X, 380 nm; emission X, 460 nm). The initial velocity measurements were plotted 
against the ubiquitin-AMC concentration and fit to the equation above to de¬ 
termine the pseudo first-order rate constant. 

In vitro assay for deubiquitination. A previously described procedure (21) was 
modified and used to examine whether the SARS-CoV PLpro has deubiquitina¬ 
tion activity. Briefly, an equal amount (2.0 |jLg) of purified SARS-CoV PLpro 
wild-type protein or mutant (D1826A and C1651A) protein was incubated with 
4.0 (xg of the diubiquitin substrate (diubiquitin WT Chains, K48-linked; Boston 
Biochem) at 37°C for 5 to 60 min in 20 (xl of reaction buffer containing 25 mM 
Tris, pH 8.0, 100 mM NaCl, 100 |xg/ml bovine serum albumin, and 2 mM 
dithiothreitol. The reaction was stopped by the addition of 20 [xl of 2X SDS 
sample buffer, analyzed by electrophoresis on a 10 to 20% polyacrylamide gel 
(Criterion, Bio-Rad), and visualized by Coomassie blue staining. 


RESULTS 

Identifying a catalytic core domain of SARS-CoV PLpro. To 

identify a catalytic core domain of SARS-CoV PLpro, we per¬ 
formed sequential deletion analysis on pPLprol541-2204, which 
we had previously shown to express an active protease in trans- 
cleavage assays (17). Initially, we deleted 280 amino acids from 
the C-terminal end of the construct to generate pPLprol541- 
1924 (Fig. lA). This construct was used as the parental con¬ 
struct for subsequent deletions of 20 to 30 amino acids from 
either the N- or C-terminal end of the PLpro domain. We 
tested each construct for expression of PLpro (Fig. IB) and for 
protease activity in the traw-cleavage assay (Fig. 1C). We 
found that each construct expressed a PLpro domain of the 
expected size, and similar amounts of the PLpro product were 
immunoprecipitated by polyclonal antiserum that recognizes 
the SARS-CoV PLpro domain (Fig. IB, lanes 1 to 10). When 
these constructs were cotransfected with plasmid DNA ex¬ 
pressing the substrate NSPl-3*, we found that only 5 of the 10 
expressed PLpro proteins were enzymatically active and able to 
cleave the substrate to produce the nspl product (Fig. 1C, 
lanes 1 to 3 and 6 to 7). Of these five functional PLpro do¬ 
mains, we found that the three C-terminal deletion constructs 
displayed more robust protease activity compared to the two 
N-terminal deletion products, as determined by monitoring the 
reduction of the NSPl-3* substrate. To determine if both C- 
and N-terminal regions could be truncated, we generated the 
double-deletion construct pPLprol602-1855. However, this 
PLpro domain was no longer active in the tmns-clea\age assay 
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FIG. 1. Defining a core SARS-CoVPLpro domain using a trans- 
cleavage assay. (A) Schematic diagram of constructs generated to 
identify an active core domain of SARS-CoV PLpro. Starting with the 
fragment from residues 1541 to 1924, successive deletions of 20 amino 
acids were made from the C-terminal and N-terminal ends. The cat¬ 
alytic cysteine (C1651) and histidine (H1812) residues are indicated 
(17, 54). The constructs are designated by the residues at which they 
begin and end. (B) Expression of SARS-CoV PLpro deletion con¬ 
structs. SARS-CoV PLpro deletion constructs were expressed via vac¬ 
cinia-mediated T7 expression in HeLa cells. The proteins were radio- 
labeled with Trans-^^S, immunoprecipitated with antibody anti-R3, 
and resolved by SDS-PAGE. (C) trans-cleavage assay to assess PLpro 
activity. SARS-CoV PLpro deletion mutants were coexpressed with 
substrate NSPl-3* as shown, via vaccinia-mediated T7 expression in 
HeLa cells. The proteins were radiolabeled with Trans-^^S, immuno¬ 
precipitated with antibody anti-Rl, which precipitates the uncleaved 
precursor NSPl-3* and cleavage product nspl. Products were analyzed 
by electrophoresis on SDS-10% polyacrylamide gels and visualized by 
autoradiography. ORE, open reading frame. 


(Fig. IB, lane 10). Overall, we identified PLprol541-1855 as a 
core catalytic domain of PLpro that retains robust protease 
activity in the ^ra^^-cleavage assay. 

Comparison of coronavirus papain-like protease domains. 
To identify critical amino acid residues within the PLpro core 
domain, we compared the SARS-CoV PLprol541-1855 amino 
acid sequence with the core papain-like protease domains of 
eight other coronaviruses (Fig. 2). Seven of these coronavi- 
ruses (MHV strain JHM, bovine CoV [BCoV], HCoV-HKUl, 
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TGEV, HCoV-NL63, HCoV-229E, and HCoV-OC43) encode 
two papain-like protease domains, termed either PLPl and 
PLP2, or PLlpro and PL2pro. Two coronaviruses, SARS-CoV 
and alBV, encode only one papain-like protease domain, 
which we term PLpro. For our analysis, we selected the amino 
acid sequences of each virus that would be analogous to the 
SARS-CoV PLpro minimal domain (a 316-amino-acid region, 
with 110 amino acids upstream of the putative catalytic cys¬ 
teine residue and 206 amino acids downstream). The multiple 
sequence alignment revealed that although the overall identity 
of amino acids in the coronavirus papain-like protease domain 
is low (18 to 32%), the amino acids likely to participate in the 
catalytic core are highly conserved (Fig. 2, boxed sequences). 
Previous experimental evidence and computer modeling sug¬ 
gested that coronavirus papain-like proteases possess a Zn^^ 
binding domain that connects the left- and right-hand domains 
of a papain-like fold and that protease activity is mediated by 
a Cys-His catalytic dyad (19, 26, 63). Interestingly, both our 
analysis and the recent modeling of Sulea and coworkers (53) 
identify an additional and conserved residue, D1826, which 
may also be important for PLpro activity (Fig. 2, boxed in red). 
We hypothesize that coronavirus papain-like proteases, like 
cellular papain-like proteinases, may employ a Cys-His-Asp 
catalytic triad that is assisted by a conserved residue (usually 
Q/N) occupying the oxyanion hole (6, 23, 37, 51). To determine 
if D1826 and the putative zinc-binding residues are important 
for protease activity, we performed site-directed mutagenesis 
and changed the nucleotide sequence to code for alanine at the 
selected sites. The resulting PLpro proteins were tested for 
activity in the tra«i-cleavage assay (Fig. 3). As predicted, we 
found that alanine substitution of the conserved residues 
(C1651, D1826, and putative zinc-binding residues C1729, 
C1732, C1764, and C1766) resulted in the complete loss of 
PLpro activity as observed via fram-cleavage assays. In con¬ 
trast, alanine substitution of a nonconserved cysteine (C1688) 
residue did not affect protease activity. Overall, these results 
support the hypothesis that the zinc-binding domain is impor¬ 
tant for the maintenance of the active site and that coronavirus 
papain-like proteases may exploit a Cys-His-Asp catalytic triad 
similar to cellular papain-like proteases. 

Sulea and coworkers also predicted that a tryptophan resi¬ 
due in position 1646 may serve as a putative oxyanion-hole 
residue for SARS-CoV PLpro. The oxyanion-hole is usually 
filled by a glutamine or aspargine residue, and we hypothesize 
that the highly conserved glutamine residue downstream from 
the catalytic cysteine (residue 1661 in SARS-CoV PLpro) may 
function as an oxyanion-hole residue (Fig. 2, boxed in red). 
However, we found that alanine substitution of Q1661 did not 


abolish SARS-CoV PLpro activity in the fraw-cleavage assay, 
suggesting that this residue does not play a critical role in 
processing (data not shown). Ultimately, structural data will be 
essential for defining the SARS-CoV PLpro active site. 

Our bioinformatics analysis was also consistent with the pre¬ 
diction of Sulea et al. (53) that suggested that coronavirus 
PLpro domains have a signature, substrate-binding site that 
may support deubiquitinating activity. By mining the current 
Protein Data Bank, Sulea and coworkers predicted that the 
SARS-CoV PLpro sequence from K1632 to E1847 may have a 
structure similar to the catalytic core domain of the cellular 
protein USP7, which is also known as HAUSP. This cysteine 
protease has been shown to have deubiquitinating activity (21). 
Molecular modeling of SARS-CoV PLpro suggests that this 
protease, like HAUSP and other deubiquitinating enzymes 
(DUBs), may recognize substrates with the sequence LXGG. 
Sulea and coworkers noted that the model predicts that signif¬ 
icant occlusions of the Sj and S 2 subsites account for the strict 
specificity for the predicted diglycine substrate. Furthermore, 
they noted that these “structural signatures for strict specific¬ 
ity,” which we term the “DUB signature sequences,” were 
present in HCoV-229E PLlpro and PL2pro and MHV PLP2, 
but not MHV PLPl. Our analysis extends these observations, 
and we noted that 12 of the 16 coronavirus papain-like pro¬ 
tease domains retain the conserved signature sequence (Fig. 2, 
boxed in blue). Only four PLlpro domains (HCoV-HKUl 
PLPl, MHV PLPl, HC 0 V-OC 43 PLPl, and BCoV PLPl) do 
not retain the signature sequence and therefore would not be 
predicted to exhibit deubiquitinating activity. To determine if 
the putative “DUB signature residues” are essential for SARS- 
CoV PLpro activity, we generated alanine substitution mutants 
and tested them for activity in the frani-cleavage assay (Fig. 3, 
lanes 10 and 11). As predicted, replacement of the Y1804 or 
Y1813 resulted in a loss of protease activity. These results 
provide the first experimental evidence that two of the residues 
in the DUB signature sequences are important for maintaining 
the active site. 

Purification of SARS-CoV PLpro. Ultimately, our goal is to 
purify an active form of SARS-CoV PLpro for use in a high- 
throughput assay to screen for inhibitors that block protease 
activity, as well as for crystallization and X-ray structure de¬ 
termination. As a first step toward these goals, we expressed 
SARS-CoV PLprol541-1855 in E. coli BL21(DE3) cells, puri¬ 
fied the protein to homogeneity, and developed a FRET-based 
peptide cleavage assay to measure the kinetics of SARS-CoV 
PLpro activity. The purification consisted of a combination of 
hydrophobic interaction and anion exchange chromatography 
and resulted in the purification of a protein that resolved as a 


FIG. 2. Multiple sequence alignment of coronavirus papain-like protease domains. The papain-like protease domain amino acid sequences 
(either one domain termed PLpro or two domains termed PI and P2) of nine different coronaviruses (SARS CoV, MHV-JHM, BCoV, 
HCoV-OC43, HCoV-229E, HCoV-NL63, TGEV, HCoV-HKUl, and alBV) were aligned using the ALIGN program (SciEd). The amino acids 
from 1541 to 1855 of SARS-CoV PLpro, experimentally determined as the core domain, were used as a reference sequence. Amino acid numbers 
are indicated on the left. The regions of identity are highlighted in yellow. Predicted or experimentally determined catalytic cysteine residues, 
catalytic histidine residues, and cysteine or histidine residues essential for binding zinc are indicated by black boxes. The predicted catalytic aspartic 
acid residue and putative oxyanion glutamine residue are boxed in red. Residues proposed to be part of the substrate binding site for 
deubiquitination are boxed in blue. Accession numbers are as follows: SARS-CoV Urban! strain, AY278741; MHVJ (for MHV-JHM), NC_001846; 
BCoV, NC_003045; HCoV-OC43, AY585228; HCoV-229E, X69721; HCoV-NL63, NC_ 005831; TGEV,Z34093; alBV, NC_001451; HCoV- 
HKUl, NC_006577. 
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FIG. 3. Identifying residues essential for proteolytic activity of SARS-CoV PLpro. SARS-CoV PLpro constructs encoding the wild-type 
sequence or specific alanine substitutions were coexpressed with substrate NSPl-3* as described in the legend of Fig. 1C to identify residues 
essential for SARS-CoV PLpro activity. The site of the alanine substitution is indicated above each lane. WT, wild type. 


single protein of approximately 35 kDa (Fig. 4A). A typical 
purification of SARS-CoV PLpro from 3 liters of bacteria cell 
culture yields roughly 90 mg of wild-type SARS-CoV PLpro 
protein. We also expressed and purified SARS-CoV PLpro 
proteins containing an alanine substitution at putative catalytic 
residues, SARS-CoV PLproC1651A and SARS-CoV PLpro 
D1826A. Flowever, both PLpro mutants produced significantly 
lower yields due to reduced levels of expression in the soluble 
fraction. Approximately 10 mg of pure protein was obtained 
for each mutant. Interestingly, a third mutant, SARS-CoV 
PLproC1732A, which encodes a substitution of a cysteine res¬ 
idue predicted to be critical for zinc binding, could only be 
expressed as insoluble inclusion bodies under several different 
expression conditions. As a result, the SARS-CoV PLpro 
C1732A mutant could not be purified using the established 
protocol. This may indicate that correct zinc binding is essen¬ 
tial for proper folding and solubility of the SARS-CoV PLpro 
enzyme. 

Kinetic analysis of SARS-CoV PLpro. Purified SARS-CoV 
PLpro wild-type and mutant proteins were used to determine 
the kinetic parameters of cleavage of two different substrates. 
The first substrate tested was a synthetic peptide derived from 
the nspl/nsp2 and nsp2/nsp3 sequences that are preferred by 
PLprol541-2204 (17). DABCYL and EDANS moieties on op¬ 
posite ends of the 12-mer peptide, (E-EDANS)RE LNGG AP 
I(K-DABCYL)S, allowed for easy detection of peptide hydro¬ 
lysis in a FRET-based kinetic assay as described in Materials 
and Methods. The putative PLpro recognition site is under¬ 
lined in the sequences. Proteolysis of the substrate results in 
fluorescence due to the release of the fiuorophore from the 
proximity of the quencher. Wild-type SARS-CoV PLpro was 
highly active but could not be saturated with substrate even at 
the highest concentration of peptide tested, i.e., 400 |jlM (data 
not shown). Based on the observation that enzyme activity was 
linearly proportional to increasing concentration of the pep¬ 
tide substrate (Fig. 4B), the initial velocity measurements were 
plotted against substrate concentration to determine the 
pseudo first-order rate constant, k^pp, for SARS-CoV PLpro 
activity (Fig. 4B) approximates for nonsaturable 


enzymes). The pseudo first-order rate constant for wild-type 
SARS-CoV PLpro, calculated from rates obtained at different 
peptide concentrations was determined to be (2.44 ± 0.03) X 
10^^ min^^ |xM^^ (Table 1). The SARS-CoV PLpro active- 
site mutant, C1651A, was completely inactive with the peptide 
substrate. However, SARS CoV PLproD1826A, a putative cat¬ 
alytic triad mutant, was determined to be slightly active with 
approximately a 100-fold decrease in the k^^^ value, which is 
(2.3 ± 0.2) X lO^'* min^^ |jlM^^. These results are consistent 
with studies of other papain-like proteases and deubiquitinat- 
ing enzymes, where it was shown that the cysteine residue plays 
an essential and critical role in the nucleophilic attack of the 
reaction and that the aspartic acid plays a significant, although 
not essential role, in orienting and/or stabilizing the substrate 
in the active site (23, 31). 

Purified SARS-CoV PLpro was also tested for deubiquiti- 
nating activity in vitro using a commercially available fluores¬ 
cent substrate, ubiquitin-AMC. As with the fluorescent pep¬ 
tide, saturation could not be achieved with the ubiquitin 
substrate at the concentrations assayed. Interestingly, SARS- 
CoV PLpro showed a strong preference for the ubiquitin sub¬ 
strate over the peptide substrate with a deubiquitinating activ¬ 
ity that is 180-fold more efficient (/^app value of 4.48 ± 0.11 
min^^ |jlM^^) than with the peptide substrate (Fig. 4B and 
Table 1). Indeed, SARS-CoV PLpro is considerably more ac¬ 
tive against the ubiquitin-AMC substrate than HAUSP 
{k^^JK^ = 13 min^^ mM^'^pi]). For both SARS-CoV PLpro 
and FIAUSP enzymes, values could not be determined, 
since saturation of the enzymes with peptide substrates could 
not be achieved (21). Therefore the k^^^ for SARS-CoV PLpro 
and the reported k^^JK^ for HAUSP indicate that these en¬ 
zymes have low affinities for the peptide substrates tested but 
substantial turnover rates. In contrast, the values observed 
for several other ubiquitin C-terminal hydrolases family mem¬ 
bers are in the range of 1 to 3 |xM, indicating that they have 
higher affinity for their substrates (10, 24, 30, 32). SARS-CoV 
PLproC1651A and PLproD1826A were also tested for deubiq¬ 
uitinating activity; PLproC1651A was again completely inac¬ 
tive, whereas PLproD1826A displayed only 1% the activity of 
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FIG. 4. Purification of SARS-CoV PLprol541-1855 and in vitro assays for enzymatic activity. (A) Expression and purification of wild-type 
SARS-CoV PLpro. Samples (20 p-g) from each stage of the purification were analyzed on an SDS-10% polyacrylamide gel and stained with 
Coomassie brilliant blue. Lane 1, soluble, crude cell lysate from E. coli BL21(DE3) cells expressing pETlla-SARS CoV-PLpro; lane 2, 
resuspended pellet of the 40% ammonium sulfate cut of the lysate; lane 3, pooled peak fractions from the phenyl-Sepharose column; lane 4, pooled 
peak fractions after elution from the Q Sepharose and Mono Q columns. (B) Kinetic assay of peptide hydrolysis and deubiquitination. The peptide 
hydrolysis (■) and deubiquitinating (A) activity of wild-type SARS-CoV PLpro were tested at different concentrations of substrate in 50 mM 
HEPES, pH 7.5, at 25°C. Peptide hydrolysis reactions contained 1 pM enzyme, whereas deubiquitination assays contained 60 nM enzyme. 
PLproD1826A was also assayed for proteolytic activity against the fluorescent peptide substrate (□) under the same conditions listed for the 
wild-type enzyme. The data were fit to the equation [5] by linear regression and then plotted as log [peptide] (peptide 

concentration) in order to see the differences in rates with the various substrates. (C) SARS-CoV PLpro cleavage of diubiquitin. Wild-type and 
alanine substitution mutants of SARS-CoV PLpro were tested for their ability to process diubiquitin in vitro. Purified proteins were incubated at 
37°C with diubiquitin in a reaction buffer containing bovine serum albumin (BSA) for the times indicated. Cleavage products were analyzed by 
electrophoresis on a 10 to 20% gradient acrylamide gel and stained with Coomassie blue. The components in each reaction and the incubation time 
are indicated above each lane, ub, ubiquitin; di-ub, diubiquitin. 


wild-type enzyme at the 0.5 pM concentration of ubiquitin- 
AMC substrate (data not shown). 

To confirm these findings using an independent assay, we 
tested purified SARS-CoV PLpro wild-type and the C1651A 
and D1826A mutant enzymes for their ability to cleave a di¬ 
ubiquitin substrate (21). SARS-CoV PLpro enzymes were in¬ 
cubated with the diubiquitin substrate for 5, 15, and 60 min, 
and the products of the reaction were resolved by SDS-PAGE 
and visualized by staining with Coomassie blue (Fig. 4C). The 
diubiquitin substrate was efficiently cleaved by wild-type 
SARS-CoV PLpro, demonstrating its DUB activity. The cata¬ 
lytic cysteine mutant, PLproC1651A, was completely inactive 
in this assay, and PLproD1826A had a reduced but detectable 


level of enzymatic activity. Thus, both fluorescence-based and 
protein-based assays provided experimental evidence for 
SARS-CoV PLpro DUB activity. 

SARS-CoV PLpro recognizes and cleaves at the LXGG con¬ 
sensus cleavage site. Previous studies have predicted and pro¬ 
vided some experimental evidence that SARS-CoV PLpro rec¬ 
ognizes the consensus sequence LXGG at the three cleavage 
sites in the replicase polyprotein (16, 17, 54). Interestingly, this 
cleavage site is also the consensus cleavage site recognized by 
DUB enzymes such as HAUSP (21, 53). To determine if the 
predicted LXGG consensus site is indeed important for PLpro 
recognition and processing, we confirmed the location of each 
of the three cleavage sites and performed site-directed mu- 
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TABLE 1. Apparent k^JK^ (^app) values for SARS-CoV PLpro 
wild type and mutants 


SARS-CoV 

PLpro1541-1855“ 

Deubiquitination 

Peptide hydrolysis k^^^ 
{min“V|JLM~^)^ 

WT 

4.48 ± 0.11 

(2.44 ± 0.03) X 10-2 

C1651A 

No activity 

No activity 

D1826A 

<1% activity of WT 

(2.3 ± 0.2) X lO-* 


“ WT, wild type. 

* Substrate for deubiquitination: ubiquitin-AMC (cleavage site; LRGG — 
AMC). The PLpro recognition site is underlined, and the cleavage site is indi¬ 
cated by a 

Substrate for peptide hydrolysis: (E-EDANS)RE LNGG ~AFI(K-DABCYL)S. 
See footnobe b for explanation of underlining and 


tagenesis to identify the critical determinants for PLpro rec¬ 
ognition and processing. Cleavage sites were confirmed by 
subjecting the cleavage products generated in a fran^-cleavage 
assay to Edman degradation to identify the amino-terminal 
residues (data not shown; methods as described in Kanjana- 
haluethai et al. [26]). As expected, the cleavage sites corre¬ 
sponded to the sites predicted for PLpro recognition and pro¬ 
cessing (54, 17) (Fig. 5). To identify the critical residues 
required for SARS-CoV PLpro recognition and processing, we 
performed alanine-scanning mutagenesis on the P6 to P2' at 
each cleavage site and used the traw-cleavage assay to monitor 
the effect of each substitution on PLpro processing. The prod¬ 
ucts of each ^ra^^-cleavage assay were immunoprecipitated and 
resolved by SDS-PAGE as shown in Fig. 5. For each assay, the 
presence of the cleavage product indicates that the alanine 
substitution at that site had little or no effect on processing, 
whereas the absence of the cleavage product indicates that the 
alanine substitution resulted in a reduction in SARS-CoV 
PLpro recognition and processing. We found that for two of 
the cleavage sites, nspl/nsp2 and nsp3/nsp4, alanine substitu¬ 
tion of the leucine at P4 or glycine at P2 or PI resulted in a 
marked reduction in protease recognition and processing. 
Thus, the consensus cleavage site LXGG is critical for SARS- 
CoV PLpro recognition and processing at these two sites. 
However, additional factors may also influence recognition 
and processing, as indicated by the SARS-CoV PLpro process¬ 
ing results at the nsp2/nsp 3 cleavage site. At this cleavage site, 
replacement of the leucine at P4 had little or no effect, and 
replacement of the glycines at PI and P2 reduced, but did not 
abolish, processing. Interestingly, pulse-chase studies have 
shown that this site is also processed less efficiently in SARS- 
CoV-infected cells (17), which suggests that the NSP2-3 inter¬ 
mediate may play a role in viral replication. Thus, although the 
consensus LXGG sequence is important for SARS-CoV PLpro 
recognition and processing, additional factors may affect the 
efficiency of proteolytic processing at each cleavage site. 

DISCUSSION 

In this study, we show that SARS-CoV PLpro is a viral 
protease with DUB activity. We identified a core SARS-CoV 
PLpro domain of 316 amino acids that can process the amino- 
terminal portion of the SARS-CoV replicase polyprotein and 
can recognize and process ubiquitinated substrates. Using 
bioinformatic analysis, we identified conserved residues within 
this core and provided experimental evidence to support the 
hypothesis that SARS-CoV PLpro exploits a catalytic triad to 
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FIG. 5. SARS-CoV PLpro recognition and processing of LXGG 
consensus substrate cleavage sites. Alanine (or asparagine, indicated 
by #) substitutions were made at the P6 to P2' positions of the three 
SARS-CoV replicase polyprotein cleavage sites recognized by SARS- 
CoV PLpro: nspl/nsp2, nsp2/nsp3 (in pNSPl-3* substrate) and nsp3/ 
nsp4 (in pNSP*3-4 substrate [17]). The wild-type amino acid at each 
position is indicated above the gel. The substrate with the alanine 
substitution at each position was coexpressed with SARS-CoV 
PLprol541-1855 in the tratii-cleavage assay, and cleavage products 
were detected by immunoprecipitation. Products were analyzed by 
SDS-PAGE and autoradiography. 


mediate proteolytic processing and DUB activity. Further¬ 
more, SARS-CoV PLpro recognizes and cleaves substrates 
with the consensus sequence LXGG, which is also the consen¬ 
sus sequence processed by many cellular DUBs. These findings 
have important implications for the development of antiviral 
agents to PLpro and open new avenues of investigation con¬ 
cerning the role of a viral DUB activity in coronavirus repli¬ 
cation and pathogenesis. 

Current antiviral drug development is driven by two major 
approaches: high-throughput screening (HTS) of chemical 
compound libraries and rational drug design based on struc¬ 
tural information. The identification of the core domain of 
PLpro and the development of in vitro assays for enzymatic 
activity described here will facilitate HTS for SARS-CoV 
PLpro inhibitors. The purified SARS-CoV PLpro core domain 
retained enzymatic activity in vitro, and kinetic studies indi¬ 
cated deubiquitinating activity was even more robust than hy¬ 
drolysis of the 12-mer peptide substrate. It may be challenging 
to develop PLpro inhibitors that are specific for the viral pro¬ 
tease, without blocking cellular DUBS. However, the struc¬ 
tural differences in cellular DUBs suggest that these enzymes 
may be different enough to be selectively targeted. Further 
information from structural studies will be required to better 
understand and exploit any potential differences. We note that 
HTS using the other SARS-CoV protease, 3CLpro, has al¬ 
ready led to the identification of many small-molecule inhibi¬ 
tors (7). In addition, HTS against SARS-CoV-infected cells 
has lead to the identification of small molecules that target 
3CLpro and block SARS CoV replication (59). The former 
approach could also be used to develop HTS assays for papain¬ 
like protease domains from other human coronaviruses such as 
the recently identified NL-63 (12, 55) and HKU-1 (58) and 
“common cold” coronaviruses OC43 and 229E (20). Finally, 


Downloaded from http://jvi.asm.org/ on March 29, 2015 by guest 












VoL. 79, 2005 


SARS-CoV PLpro DUB ACTIVITY 15197 


the purification of PLpro is a critical first step toward obtaining 
structural information on this important therapeutic target. 

This study also raises important questions concerning the 
role of a viral DUB activity in coronavirus replication and 
pathogenesis. Cellular DUBs are known to alter the fate of 
proteins targeted to specific pathways in the cell (1). Deubi- 
quitination may change the fate of (i) ubiquitinated proteins 
bound for degradation in the proteasome (56), (ii) proteins 
modified by ubiquitin-like (UBL) modifications such as ISGy- 
lation (46), and (iii) proteins assembled in autophagosomes 
that are bound for degradation in lysosomes (48). Modulation 
of any of these pathways may have important implications on 
viral replication and pathogenesis. For example, FIAUSP, the 
cellular DUB activated by herpesvirus infection, plays a dy¬ 
namic role in the stabilization of p53. HAUSP can act directly 
to deubiquitinate p53, thereby stabilizing its tumor suppressor 
function (34). In addition, HAUSP acts on Mdm2, the ubiq- 
uitin ligase required to modify p53. In the absence of HAUSP, 
Mdm2 auto-ubiquitinates and is degraded, and p53 is stable in 
the cell (9, 33). This illustrates the dynamic effect that DUBs 
can have on protein stabilization. It is currently unclear if 
SARS-CoV PLpro specifically targets and stabilizes a cellular 
substrate. Further investigation is necessary to determine if 
specific substrates are recognized and stabilized by PLpro. 

One interesting question is whether the SARS-CoV PLpro 
peptide hydrolysis and DUB activities can be separated. A 
better understanding of enzyme-substrate interactions is 
needed to identify distinct contact residues that may play a role 
in distinguishing one substrate from another. 

Sulea et al. speculated that SARS PLpro DUB activity may 
function to inhibit innate immune responses such as conjuga¬ 
tion with ISG15 (interferon [IFN]-sensitive gene 15), termed 
ISGylation (44, 53). ISG15, a ubiquitin-like protein, is induced 
in response to IFN-a/|3. While the role of ISG15 is not entirely 
clear, it is conjugated to many targets, including JAK and 
STAT proteins, and this conjugation leads to suppression of 
cell proliferation (36). The adenovirus protease has been 
shown to have both deubiquitinating and “de-ISGylating” ac¬ 
tivity and recognizes the LXGG consensus site for removal of 
ISG15 (5). In addition, the influenza virus NSl protein has 
been shown to inhibit the conjugation of ISG15, thereby coun¬ 
teracting this IFN-induced activity (62). Interestingly, recent 
studies indicate that SARS-CoV infection may escape IFN- 
mediated growth inhibition by blocking the activation of IFN 
regulatory factor 3 (49). The mechanisms and viral proteins 
required for this IFN-antagonistic effect are currently unclear. 
Experiments are currently under way to determine if ISG15 is 
activated and if levels of ISGylated proteins are altered in 
coronavirus-infected cells. 

Another intriguing speculation is that SARS-CoV PLpro 
activity may be involved in subverting a normal cellular process 
known as autophagy to facilitate the assembly of DM Vs, which 
are the site of coronavirus replication (14, 43). Autophagy is a 
cellular response to starvation conditions, whereby the cell 
recycles cytoplasmic components by enclosing them in double¬ 
membrane structures known as autophagosomes for delivery 
to lysosomes for degradation (48). At least 16 genes (termed 
Apg for autophagy-defective) and two UBL modification sys¬ 
tems are required for autophagy in Saccharomyces cerevisiae 
(38, 39). In the first UBL system, Apgl2 is activated by Apg7 


and ApglO, which are El-like and E2-like enzymes, respec¬ 
tively, of the ubiquitin system. Apgl2 is then conjugated to 
Apg5, which is required for assembly of autophagosomes and 
viral DMVs (43). In the second UBL system, Apg8 is activated 
by El-like and E2-like enzymes, Apg7 and Apg3, and is con¬ 
jugated with phosphatidylethanolamine, making it a mem¬ 
brane-associated complex. Studies of both coronavirus and 
poliovirus replication complexes indicate that viral replicase 
proteins may assemble with intracellular membranes to form 
DMVs, which are the site of viral replication (13,14, 40, 43, 45, 
52). The mechanism for the assembly of the DMVs is not clear, 
but recent studies suggest that viral proteins may subvert the 
cellular autophagosomal machinery (22, 28, 43). For example, 
LC3, the mammalian homolog of yeast AtgSp, has been impli¬ 
cated in the assembly of viral DMVs since it colocalizes with 
coronavirus and poliovirus replication complexes (22, 43). We 
speculate that coronaviruses may exploit the cellular autoph¬ 
agy pathway for the assembly of the DMVs but then subvert 
the pathway by deubiquitination to prevent the maturation of 
the vesicles into degradative organelles. Experiments are cur¬ 
rently in progress to test these hypotheses. 
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